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Effect of magnesium concentration (2.5,4.0,6.0 wt.%) on the superplasticity of Al-Mg—Sc—Zr aluminum alloys
with different Sc/Zr ratios (Sc/Zr =0.45, 1.0, 2.2) has been studied. The ultrafine-grained (UFG) alloys are obtained
by the Equal-Channel Angular Pressing. Superplasticity tests were carried out in the temperature range from
300 °C to 500 °C and in the range of strain rates (&) from 3.3 -107* to 3.3 - 10~!s~!. The maximum elongation
to failure (Smax) is reached at ¢ = 3.3-1072s™'. At a test temperature of 500°C, the maximum elongation
to failure is Smax = 1970% (alloy with 2.5% Mg and Sc/Zr=2.2) and Smax = 1750% (alloy with 2.5% Mg and
Sc/Zr=1.0). When fine-grained alloys with a high zirconium content are heated, simultaneous homogeneous
precipitation of Al;(Sc,Zr) particles and discontinuos precipitation of fan-shaped submicron AlsZr particles are
observed. An increase in the Sc concentration leads to a decrease in the number of Al;Zr particles formed
by the discontinous mechanism and to an increase in the number of Al;Sc nanoparticles. An increase in Mg
concentration leads to a decrease in the flow stress and El of fine-grained Al-Mg—Sc—Zr alloys. Studies of the
microstructure show that strain-induced grain growth develops with superplasticity. The nature of the elongation

to failure dependence on the test temperature is determined by the Sc/Zr ratio — in alloys with Sc/Zr>1,
an increase in temperature leads to an increase in ductility, and in alloys with Sc/Zr =045, to a decrease in
ductility.
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Introduction

The high-strength Al—6% Mg—Sc—Zr alloys are currently
extensively used in the industry (the grades 01570, 01570C,
01575, etc.) and they have an optimal combination of
strength and plasticity at the room temperature, weldability
and fatigue strength [1,2]. (Hereinafter, concentrations
of the alloying elements are indicated in wt%.) The
Al—6% Mg—Sc—Zr alloys with an ultra-fine grain (UFG)
microstructure, which are obtained by severe plastic de-
formation (SPD), demonstrate high superplasticity char-
acteristics (SP) at the elevated temperatures and strain
rates [3-5].It allows superplastic punching of complex-shape
products from these alloys.

Elongation to failure for the ultra-fine Al-Mg-Sc-
Zr alloys is quite high and exceeds characteristics of
almost all other aluminum alloys. The most stud-
ied are the UFG 1570 alloy of the composition Al-
(5.3-6.3)% Mg—(0.2—0.6)% Mn—(0.17-0.27)% Sc—(0.05—
0.15)% Zr as well as the UFG 1570C alloy of the compo-
sition  Al-(5.0—5.6)% Mg—(0.2—0.5)% Mn—(0.18—0.26)%
Sc—(0.05-0.12)% Zr.

In the 1570 alloy with an average grain size do ~ 1um,
which is produced by Equal-Channel Angular Pressing
(ECAP), elongation to failure can be up to Smax ~ 2000 %
(at the temperature of 450°C and the strain rate

£&=5.6-10"2s7") [6]. In the study [7], the following
higher SP characteristics were obtained in the 1570 al-
loy also produced by ECAP: &max ~ 2330% at 450°C,
&=14-10"'s"!.  High values of elongation to fail-
ure in the 1570 alloy are also obtained when using
High Pressure Torsion (HPT) (Smax ~ 1460% at 400°C,
&=1-10"2s"1) [8]. The superplastic characteristics of
traditionally-rolled alloys are usually lower that the char-
acteristics of the UFG alloys produced by SPD (see, for
example, [9-12]). Presently, the highest superplastic charac-
teristics are achieved in the UFG 1570 alloy when applying
an asymmetrical rolling process (ASR) with subsequent an-
nealing: Smax ~ 3170 % at 500°C, ¢ = 5-10~2s~! [13,14].

In the 1570C alloy, the maximum superplastic
characteristics are achieved when applying thermal
ECAP: 8oy ~ 4100% at 450°C, é =5.6-10"2s7! [3];
Smax ~ 3300 % at 475°C, & = 5.6 - 10725~ [15]. The quite
high superplastic characteristics in the 1570C alloy are also
obtained when applying Friction Stir Process (FSP) [16-
19] and rolling [4,20]. We should mention the study [21],
which has analyzed the effect of SPD on the superplastic
properties of the 1570C alloy and showed that the effect of
SPD is manifested via a change of the average grain size,
variation in a grain size and a portion of large-angle grain
boundaries. The maximum superplastic characteristics are
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obtained in the 1570C alloy with a large volume portion of
the large-angle grain boundaries (~ 97 %) and the average
grain size do ~ 3.3 ym.

We note that magnesium reduces intensity of grain-
boundary diffusion processes in aluminum [22,23] and is
often considered as an element that provides increased
stability of the non-equilibrium UFG microstructure in
the aluminum alloys [24]. Therefore, the increased Mg
concentration provides high physical-chemical properties
and operating characteristics of the alloys of the Al-Mg
system [1,2,25]. At the same time, it should be noted
that Mg solubility in aluminum in equilibrium conditions
is not very high (~ 1.5—1.9wt.% at 100°C [26]), thereby
resulting in precipitation of B-phase particles along grain
boundaries/dendrite boundaries during crystallization or
provoking annealing. (Hereinafter, the term ,,provoking
annealing“ is understood as a kind of low-temperature
thermal treatment, which facilitates precipitation of the S-
phase particles along the aluminum grain boundaries and,
as a result, leads to a sharp increase of an intercrystallite
corrosion rate.) The formed pB-phase particles create
microgalvanic pairs ,the Al grain — the grain-boundary S-
phase™ and reduce resistance of the aluminum alloys to in-
tercrystalline corrosion. We note that centers for secondary
formation of the S-phase particles during annealing can be
Al3(Sc,Zr) particles, which provide increased strength of the
aluminum alloys [27]. It contributes to additional reduction
of corrosion resistance of the aluminum alloys.

The present study is aimed at investigating the effect
of the Mg concentration on an SP behavior of the UFG
Al-Mg—Sc—Zr alloys with various Sc/Zr ratios, wherein
special attention in the study is paid to alloys with a
reduced magnesium content and an increased zirconium
content (with the low Sc/Zr ratio). Reduction of the
magnesium concentration in the Al-Mg—Sc—Zr alloys
will make it possible to provide their increased corrosion
resistance — provided that their strength (hardness) and
high SP characteristics are preserved. Varying the Sc/Zr
ratio in the composition of the Al-Mg—Sc—Zr alloys can
be used for solving a task of partial substitution of expensive
scandium with cheaper Zr (see also [28-30]). We note that
a high price of scandium limits prospects of application of
the industrial the Al-Mg—Sc—Zr alloys in civil mechanical
engineering and power engineering. Therefore, practically,
it is important to reduce the concentration of expensive Sc
in the composition of the Al-Mg—Sc—Zr alloys.

1. Experimental procedure

The research object is the Al-Mg—Sc—Zr alloys with
the various content of Mg=25%, 40% and 6.0%.
For each magnesium concentration, we studied the al-
loys with 022% Sc+0.10%Zr (Sc/Zr=22), 0.16%
Sc+0.16%Zr (Sc/Zr=1.0) and 0.10% Sc+0.22%Zr
(Sc/Zr=0.45).  Results of the studies of the alloys
with 6% Mg were previously published [30], while results

of the studies of the alloys with 2.5% and 4% Mg are
published for the first time.

Blanks of the aluminum alloys of the size
20x20x160mm were produced by induction -casting
in vacuum using a caster Indutherm VTC 200V with a
copper mould and a ceramic crucible. The following casting
modes were used: a melting point of 800 °C, a component
meltdown time was 6—10min, a casting temperature of
760°C, a pre-casting holding time of 60min, the were
cooled to the room temperature for 50—250s. A deviation
of the real concentration of Sc and Zr from the design one
did not exceed —2-1072%. A spread of the Mg concen-
tration in various portions of the samples was 40.2 %.

The UFG microstructure in the alloys was formed by
ECAP using a hydraulic press Ficep HF400L under the
following mode: N = 3 cycles of pressing at the temperature
of 275°C at the speed of 0.4mm/s, in a square-sectioned
fixture with an channel intersection angle of 90°. The
samples were annealed for 30 minutes in an air furnace
EKPS-10. The annealing temperatures (300°C—500°C)
corresponded to the SP test temperatures (see below).
The annealing time (30min) corresponded to an average
SP time (including a time of sample heating to the test
temperature and of 10-minute isothermal sample holding
at this temperature prior to the test start to set thermal
equilibrium). The structure and the properties of the
annealed samples were studied to determine a mechanism
of precipitation of the Al3(Sc,Zr) second-phase particles
that provide stability of the microstructure under the SP
conditions and affect stability of a superplastic flow.

For the SP tests, we used ,dumb-bell“ samples with
a working part of the size 2x2x3mm. The total
length of the samples was 25mm. The tensile tests were
performed using a universal testing machine Tinius Olsen
H25K-S at the strain rates 3.3 - 1074, 3.3- 1073, 3.3 - 1072
and 3.3-107!s~! (tensioning rates are 103, 1072, 10!
and 1 mm/s, respectively) within the temperature interval
from 300 °C to 500 °C. Based on analysis of a dependence
sengineering stress (0) — engineering strain (e)“ we de-
termined a flow stress (0;,) and relative elongation to failure
(6max) for the samples. Determination of an error Gmax
included comparison of elongation to failure measured by
the curve o (¢) with elongation of the working part of the
sample before and after the SP tests.

The test results were analyzed using an equation

& =A(0,/G)""(b/d)"(Derr/b*)(GRUKT). (1)

where m is a rate sensitivity coefficient, p = 2, 3 is a numer-
ical coefficient, b is a Burgers vector, G is a shear modulus,
k is the Boltzmann constant, D¢y = Do exp(Qes/kT) is an
effective diffusion constant, Qg is energy of activation of SP
strain [31,32].

In order to determine the parameters of the equation (1),
the dependences ,engineering stress (o) — engineering
strain (¢) are recalculated into dependences ,true stress
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Figure 1. Microstructure of the UFG alloys with Sc/Zr=2.2 and the various magnesium concentration: a — 2.5% Mg; b — 4% Mg;

¢ — 6% Mg [30]. TEM.

(0;) — true strain (&;),, according to the study [33]:
=In(l +¢/100), o, =0c(1+¢&). (2)

The microstructure of the alloys was studied using a
metallographic microscope Leica DM IRM, a scanning-
electron microscope (SEM) Jeol JSM-6490 and a trans-
mission electron microscope (TEM) Jeol JEM-2100F. The
samples for structure studies were mechanically ground and
polished using diamond pastes of various dispersity and
were finally polished using suspension based on aluminum
oxide submicron powders and etched in a mixture of acids
HF (15ml), HNO; (10ml) and glycerol (35ml). The
microstructure was metallographically studied in a collapse
area (Zone I) and in an unstrained part of the samples
(Zone 1I) after the SP tests. In order to detect shallow
pores occurring as a result of etching the S-phase particles
as well as well-oriented aluminum grains with the increased
magnesium concentration, the metallographic studies were
performed in a mode of interference contrast with two light
filters (polarizational, lambda). In this mode the shallow
pores were dyed in a green color, thereby making it pos-
sible to separate deep strain-origin pores occurring during
superplastic strain and shallow corrosion-origin pores. The
average size of grains and pores was calculated by a chord
method using the GoodGrains software. The composition of
the precipitating Al (Sc,Zr) particles was analyzed using an
X-ray microanalyzer included in the microscope Jeol JEM-
2100F. The composition of the coarse -phase particles was
analyzed using an X-ray microanalyzer Oxford Instruments
INCA 350 included in the microscope Jeol JSM-6490.
Cleavages were fractographically analyzed by the SEM
method.

2. Results

2.1. Microstructure studies

The UFG alloys with 2.5%Mg in a post-ECAP state
have a homogeneous microstructure with the average grain
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size ~ 0.6—0.8um; the grains do not exhibit significant
anisotropy. The increase of the Mg concentration from 2.5 %
to 6% results in slight reduction of the average grain size
to ~ 0.3—0.5um (Fig. 1).

When the UFG Al-Mg—Sc—Zr alloys are heated, the
Al3(Sc,Zr) particles precipitate (Fig. 2). When the UFG
Al-6%Mg—Sc—Zr alloys with the increased scandium
content are heated, the Al3Sc particles are formed and
they precipitate in a grain volume and along cores of
lattice dislocations (Fig. 2,a). The alloys with the increased
zirconium content exhibit formation of three types of the
particles — within the grain volume the nanoparticles
Al3Sc and Al3(Sco sZrgs) are formed and near the grain
boundaries the fusiform submicron Al3Zr particles pre-
cipitate by the discontinuous decomposition mechanism.
These particles formed by the discontinuous decomposition
mechanism are marked in Fig. 2, b by a yellow dashed line.
The size and composition of the precipitating particles were
investigated in detail in our previous study [30]. Results
of energy-dispersive microanalysis of the composition of
the secondary particles formed when annealing the al-
loy with Sc/Zr=0.45 are shown in Fig. 3. Annealing
the Al-6%Mg—0.16% Sc—0.16% Zr alloys exhibits single
formation of the Al3Zr particles by the discontinuous
decomposition mechanism, but the number of the fusiform
particles in the alloys with Sc/Zr=1 is much less than
in the alloys with Sc/Zr=0.45. Reduction of the Mg
concentration results in an increase of a volume portion
of the Al3(Sc,Zr) particles, but does not affect a nature of
their formation.

We note that discontinuous formation of the Al3Zr
particles when annealing the fine-grained aluminum alloys
was previously described in the studies [34-38]. Although,
it should be noted that causes of manifestation of the
discontinuous decomposition in the Zr-enriched alloys are
still understudied and quite often when annealing the UFG
Al—Zr alloys the authors observe homogenous formation of
the spherical Al3Zr nanoparticles [39,40].
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Figure 2. Al3(Sc,Zr) particles formed in the UFG alloys with 6% Mg and Sc/Zr =2.2 (a) and Sc/Zr = 0.45 (b) after annealing at 500 °C,
30 min. TEM. Microdiffraction patterns were recorded from an area ~ 10 um? that included several grains.

Fig. 4 shows results of the studies of the microstructure
of the annealed alloys with a various content of magnesium,
scandium and zirconium. The precipitating Al;(Sc,Zr)
particles provide stabilization of the non-equilibrium UFG
microstructure of the Al-Mg—Sc—Zr alloys. The alloys
with the increased zirconium content and the log mag-
nesium content (2.5%, 4%) exhibit coarse recrystallized
grains, whose size can be up to 10um (Fig. 4,b,d).
The recrystallized microstructure in the annealed alloys
with 6 % Mg has a high degree of homogeneity after heating
to 500°C (Fig. 4,¢,f).

Fig. 4,g shows dependences of the average grain size
on the temperature of 30-minute annealing of the UFG
alloys with the different content of Mg, Sc, Zr. It is
clear in Fig. 4,g that the temperature of start of grain
growth is 350°C—375°C and weakly depends on the
Mg concentration and the Sc/Zr ratio. The increase
of the Mg concentration (when Sc/Zr=const) and the
increase of the Sc/Zr ratio (when Mg=const) results in
reduction of the average grain size. For example, in the
alloys with Sc/Zr =2.2 reduction of the Mg concentration
from 2.5% to 6% results in reduction of the average
size of the recrystallized grain from 4.3 to 2.1um (after
annealing at 500°C, 30min). The similar increase of
the Mg concentration in the alloys with Sc/Zr =045 after
annealing at 500 °C results in reduction of the grain size
from 6.1 to 2.5 um.

The recrystallized alloys exhibit traces of etching of the
B-phase particles along the grain boundaries (Fig. 5). The
alloys with the coarse grains exhibit larger pits of etching
the B-phase particles, which are uniformly arranged over a

section surface. The fine-grained alloys with a small grain
size exhibit a large number of fine etching pits arranged
along the grain boundaries (Fig. 5,a). The increase of the
Mg concentration results in an increase of the number of the
etching pits and a decrease of their size (due to reduction
of the grain size in the alloys with the increase magnesium
content).

2.2. SP tests of the fined-grained alloys

The results of the SP tests are generalize in Ta-
ble 1 and in Fig. 6,a. It is clear in Fig. 6,a and
in Table 1 that for the alloys with 0.22% Sc + 0.10% Zr
and 0.16 % Sc+ 0.16 % Zr the increase of the temperature
of the test results in a monotonic increase of plastic-
ity The dependence of elongation to failure on the
strain rate Smax(¢) in these alloys is non-monotonic and
maximum plasticity is achieved when ¢ =3.3-1072s7!
(Table 1). When &=3.3-10"2s"! and the tempera-
ture is 500°, the Al—2.5% Mg—0.22% Sc—0.10% Zr al-
loy exhibits plasticity Omax = 1975% (Fig. 6,b). Un-
der similar temperature-rate conditions of strain, in the
Al-2.5%Mg—0.16% Sc—0.1% Zr elongation to failure is
Omax = 1750%. At the lower strain temperatures, the
value of elongation to failure of the alloys with the
increased Sc content (Sc/Zr>1.0) decreases, but re-
mains quite high (Table 1, Fig. 6,b). For exam-
ple, in the Al—2.5% Mg—0.16% Sc—0.16% Zr alloy, when
T =450°C and & =3.3-10"2s"!, relative elongation
to failure can be up to Omax = 1370%, while in the

Technical Physics, 2025, Vol. 70, No. 12
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Figure 3. Results of the studies of the composition of the Al3(Sc,Zr) particles formed in the UFG Al—6Mg—0.10% Sc—0.22% Zr alloy
after annealing at 500 °C, 30 min: @ — a bright-field image of the studied grain » — a dark-field image of the particles in the studied grain:
1 — spherical nanoparticles formed in a homogenous decomposition mechanism; 2 — elongated particles formed by a discontinuous
decomposition mechanism; ¢ — a microdiffraction pattern of the analyzed grain of the area ~ 1um?, which is shown in a,b; d — X-ray
(energy-dispersive) microanalysis of the composition of the particles Ne. 1 and Ne. 2 shown in b. TEM.

Al1-2.5%Mg—0.22% Sc—0.10% Zr alloy, when T = 400°C
and & = 3.3-1072s7, it can be up to Spax = 1140 %.

In the fine-grained alloys with the increased zirconium
content (Sc/Zr=0.45) and the low magnesium content
(2.5%, 4%Mg), the increase of the strain temperature
results in reduction of plasticity (Fig. 6,a). It is a quite
unexpected result, since it is traditionally assumed that
the increase of the temperature results in an increase of
plasticity of the fine-grained aluminum alloys [31]. In

Technical Physics, 2025, Vol. 70, No. 12

the fine-grained Al—6% Mg—0.10% Sc—0.22% Zr alloy, the
increase of the temperature results in a slight increase of
plasticity (when & = const).

Fig. 7,a-d shows the dependences o (¢) for the samples
of the alloys with 2.5 (Fig. 7,4, c) and 4% Mg (Fig. 7,b,d)
at the temperatures of 400°C (Fig. 7,a,b) and 500°C
(Fig. 7,¢,d) (when & =3.3-1072s7!). The curves o (e)
are typical for SP strain — a stage of fast strain hardening,
which transits into a long loss-of-strength stage. The
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= Al-6Mg-0.1S¢-0.22Zr
—— Al-6Mg-0.16S¢-0.16Zr
—— Al-6Mg-0.22S¢-0.10Zr
—a— Al-4Mg-0.1Sc-0.22Zr
—— Al-4Mg-0.16S¢-0.16Zr
—+— Al-4Mg-0.22S¢-0.10Zr

8- Al-2.5Mg-0.1S¢-0.22Zr

o Al-2.5Mg-0.16Sc-0.16Zr

o Al-2.5Mg-0.22S¢-0.10Zr

Grain d, pm
N

02 1 1 1
0 100 200 300 400 500 600
Temperature T, °C

Figure 4. Effect of the annealing temperature on the microstructure of the UFG Al—Mg—Sc—Zr alloys. The microstructure of the alloys
with 2.5% (ab), 4% (cd), 6% Mg (ef) and with Sc/Zr=2.2 (a,ce), Sc/Zr=045 (bdf) after annealing at 500 °C, 30 min; g — the

dependence of the grain size on the annealing temperature.
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Figure 5. Microstructure of the Al—4% Mg—Sc—Zr alloys after annealing at 500 °C, 30 min: @ — Sc/Zr=2.2, b — Sc/Zr=0.45. The
largest pits of etching the S-phase particles are marked by a dashed line. SEM.
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Figure 6. Results of the SP tests of the Al—-Mg—Sc—Zr alloys: @ — the dependences of elongation to failure on the temperature of tests
of the alloys with 2.5% Mg (the round markers — Sc/Zr = 2.2, the triangular markers — Sc/Zr = 1, the square markers — Sc/Zr = 0.45;
the filled markers — & = 3.3-107>s~", the unfilled markers — & =3.3-107%s~!); b — the tensile curves of o (&) of the alloys with

maximum plasticity.

curves o (&) for the alloys with 2.5 % Mg (Fig. 7, q, ¢) clearly
exhibit stress surges that are related to a progress of dynamic
recrystallization processes [4,5. A value of the stress
surge on the curves o(¢) for the alloys with 4% Mg is
much less than for the alloys with 2.5% Mg (Fig. 7,5, d).
The progress of the dynamic recrystallization processes
with superplasticity of the Al—6% Mg—Sc—Zr alloys was
previously described in the study [30].

At the temperatures 400 °C—500 °C and the high strain
degrees (¢ > 700 %—800 %), the curves o (¢) for the alloys
with 4% Mg exhibit a stress increase stage. At the high
strain degrees, the similar stress increasing stage exhibits
on the curves o (¢) for the UFG Al—6% Mg—Sc—Zr alloys
(see [30]). According to the study [41], the increase of

Technical Physics, 2025, Vol. 70, No. 12

the flow stress is related to a strain-induced grain growth
(see also the equation (1)).

Fig. 7,¢ f shows dependences of relative elongation to
failure and the flow stress on the Mg concentration in the
fine-grained alloys. It is clear from the provided data that
when é = 3.3-1073s7! the increase of the Mg concentra-
tion results in a decrease of relative elongation to failure dpax
and, at the same time, a decrease of the flow stress o;,. In
particular, for the alloys with Sc/Zr=2.2 at the temperature
of 500°C and the strain rate of 3.3 - 1073s~! the increase
of the Mg concentration from 2.5% to 6% results in
reduction of Smax from 1380% to 345% and reduction
of g, from 5.1 to 3.3MPa. In the similar conditions of
strain, the alloys with Sc/Zr=1 exhibit reduction of Spax
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Table 1. Effect of the temperature and the strain rte on maximum elongation to failure (Smax, %) of the fine-grained Al—Mg—Sc—Zr
alloys with the different content of magnesium, scandium and zirconium

c . Al-2.5%Mg Al—4%Mg Al—6% Mg [30]
T, ° &,8”
Sc/Zr =22 | Sc/Zr =1.0|Sc/Zr =0.45 | Sc/Zr = 2.2 | Sc/Zr = 1.0 | S¢/Zr =0.45 | Sc/Zr = 2.2 | Sc/Zr = 1.0 | Sc/Zr = 0.45
300 [3.3-1073| 460+40 | 330+40 | 590+30 | 530+40 | 400430 | 800+70 | 285+20 | 325+30 | 320+30
350 [3.3-1073| 765+60 | 505+50 | 460+40 | 575+50 | 675+ 60 | 630+ 60 — 785+70 | 665+ 60
3.3-1074 - — — 365 + 40 - - — — -
400 3.3-107%| 855+60 | 800+60 | 57030 | 85070 | 610 £60 | 555+50 | 71060 | 320+ 30 | 350+ 40
3.3-1072| 1140 £70 | 615+50 | 430 £40 | 53050 | 745+50 | 38040 | 790+ 50 | 905+ 80 | 350 £ 40
3.3-1071| 335+40 | 300+30 | 225+30 — — 275+30 | 415440 | 425+50 | 335440
3.3-107%| 1150 £ 60 | 795+ 50 | 235+20 — — — 895+70 | 85060 | 795+ 80
450 [3.3-1072| 1010 £ 60 | 1370+ 70 | 380 + 30 — — — 3454+40 | 2954+40 | 615+60
3.3-1071| 33020 | 345+30 | 250+ 30 - - - 1654+30 | 2104+30 | 405440
3.3-1074 - — — - 575 + 40 - — — -
3.3-1073| 1380+ 60 | 1325+50 | 280+30 | 91050 | 1265+ 50| 980+60 | 345430 | 1005+ 50| 535+40
500
3.3-1072|1975+100| 1750 £ 80 | 270 +20 |1035+50| 1130 £60| 395430 | 400+ 50 | 1215+60| 705+ 50
3.3-1071| 505+40 | 605+40 | 275+30 - - 3204+40 | 86060 | 1854+20 | 390 £ 40

from 1320% to 1005% and reduction of o, from 5.8
to 3.4MPa (Fig. 7,¢). At the strain temperature of 500 °C,
the magnesium effect on the superplastic characteristics of
the Al-Mg—Sc—Zr alloys is similar, a scope of this effect
is noticeably smaller (Fig. 7,f).

It is interesting to note that the effect of the Sc/Zr ration
on plasticity of the Al-Mg—Sc—Zr alloys is different at the
elevated (T = 500 °C) and decreased (T < 400 °C) temper-
atures of strain. At the temperature of 500 °C and the strain
rate &€ = 3.3-1073s~! maximum plasticity is observed for
the alloys with Sc/Zr =1 (Fig. 7, e), while at the temperature
of 400 °C and below it is observed for the alloys with the
increased scandium content (Sc/Zr =2.2) (Fig. 7,f). The ex-
ception is a case of the SP tests at the temperature of 500 °C
and the strain rate ¢ = 3.3 - 1072s~! — in these conditions
plasticity of the Al—2.5% Mg—0.22% Sc—0.10% Zr alloy
exceeds plasticity of the Al—2.5% Mg—0.16% Sc—0.16% Zr
alloy, but a scope of this difference just slightly exceeds an
error of determination of a value of Syax (Table 1). The
alloys with the increased zirconium content (Sc/Zr = 0.45)
demonstrate lower plasticity with all the studied magnesium
concentrations.

Fig. 8 shows SEM images of surfaces of cleavages of the
samples of the fined-grained alloys after the SP tests. The
cleavages of all the samples after the tests at the reduced
temperatures were viscous and were a set of variously-sized
pits. After the tests at 7 = 500 °C, the cleavages had a fine-
cell microstructure, which indirectly indicates that failure
occurred along the grain boundaries. The sample cleavages

contain large pores, which indicate a cavitational nature of
failure.

It should be noted that superplastic strain of the alu-
minum alloys with 2.5% and 4 % Mg is accompanied with
intense pore formation (Fig. 9). With the pre-defined Sc/Zr
ratio and the constant Mg concentration, an increase of the
strain degree results in an increase of a volume portion and
a size of the pores. Results of the metallographic studies
were analyzed to show that the increase of the scandium
concentration resulted in reduction of susceptibility of the
fined-grained alloys to pore formation. The alloys with
the reduced magnesium content exhibit a minimum number
of the pores. The pores are uniformly distribution along
a strained part of the sample — their size and number
decrease from the collapse area to the unstrained area
according to distribution of strain in the sample. The
metallographic studies show that the SP-formed pores are
arranged mainly along the grain boundaries of the fine-
grained alloys. The increase of the strain temperature results
in an increase of the number and sizes of the pores in the
strained part of the samples (Fig. 9,4, b).

The results of the metallographic studies show that a
nature of evolution of the microstructure of the alloys
is different at the elevated (500°C) and decreased (be-
low 450°C) temperatures of strain. After strain at 500 °C
the average grain size near the failure area is comparable
with the grain size in the unstrained area (Fig. 10) and the
grains keep their equiaxed size. This result indirectly indi-
cates that a key SP mechanism under optimal temperature-
rate conditions of strain is grain boundary sliding. It is

Technical Physics, 2025, Vol. 70, No. 12
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Figure 7. Tensile curves o (¢) of the alloys with 2.5 (a,c) and 4.0 % Mg (b,d); dependences of elongation to failure dmax (the solid lines)
and the flow stress o, (the dashed liens) on the Mg concentration for the alloys with the different Sc/Zr ratio (ef). The tests when

T =400 °C (a,b) and 500°C (cd) and ¢ =3.3-1073s7",

important to not that the average grain size in the strained
part of the samples after the SP tests at 350°C—-500°C
significantly exceeds the average grain size after annealing
at the same temperature (Fig. 4,g, 10,b). It indicates
that the SP process includes an intense strain-induced
grain growth. At the increased strain rates, we observe
grain elongation along a tensile-axis direction (Fig. 11),

Technical Physics, 2025, Vol. 70, No. 12

thereby indicating a significant contribution by intragranular
sliding to sample elongation under conditions of high-
rate strain. A green color in Fig. 10 and 11 belongs to
shallow pores that are formed in a place of etching the
B-phase particles and the aluminum grains, which have
reduced resistance to impact by acids used for structure
identification.
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Figure 8. Fractographic analysis of cleavages of the samples of the fine-grained alloys with 4% (al-f1) and 6 % Mg (a2-12) after the SP
tests at the temperature of 500 °C and & = 3.3 - 1073s™": (al,dl,a2,d2) Sc/Zr=22, (blelb2,e2) Sc/Zr=1; (clfl,c22) Sc/Zr =0.45.

SEM.

The increase of the magnesium concentration results
in reduction of the average grain size in the strained
and unstrained parts of the samples. In the strained
part of the samples (500°C, 3.3-1073s~!) of the alloys
with Sc/Zr = 2.2, reduction of the magnesium concentration
from 6% to 2.5% results in an increase of the average
grain size from 15-20 to 30-35um, and from 3.7
to 10—15um in the strained part of the samples of the
alloys with Sc/Zr=0.45. In the alloys with 2.5% Mg
and 4% Mg, the effect of the Sc/Zr ratio on a nature

of evolution of the microstructure is ambiguous — at the
reduced temperatures (below 450°C) the strained part of
the samples of the alloys with the increased scandium
content (Sc/Zr=22) exhibits a smaller grain size, while
at the temperature of 500 °C an unambiguous effect of the
Sc/Zr ratio on the nature of evolution of the microstructure
is not identified — the effect of the Sc/Zr ration turns
out be less than an error of measurement of the grain
sizes in the strained part of the samples of the alloys
with 2.5% Mg and 4 % Mg.

Technical Physics, 2025, Vol. 70, No. 12
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Figure 9. General view of the samples of the Al—4% Mg—0.22% Sc—0.10% Zr after the Sp tests at the temperatures of 300 °C (a),

400°C (b) and 500°C (c). £ = 3.3- 1073 s~ !. Metallography.

3. Discussion of results

3.1. Analysis of the SP mechanisms

Let us analyze possible mechanisms of superplastic strain
and mechanisms of failure during superplastic strain of the
UFG Al-Mg—Sc—Zr alloys.

In order to practically apply the UFG alloys, it is
necessary to provide a maximum possible degree of uniform
strain during superplastic punching. In order to describe
causes of loss of strength during superplasticity of the
UFG alloys, one can use a Hart approach [23] based on
representations about termination of the stable uniform

Technical Physics, 2025, Vol. 70, No. 12

plastic flow with insufficient rate or strain hardening that are
characterized coefficients m and n, respectively. Efficiency
of application of this approach was previously demonstrated
in the study [30]. According to the Hart criterion, the
condition of termination of the stable plastic flow of the
material in tensioning can be represented as follows [42]:

m+n/e>1, (3)
where m is a rate sensitivity coefficient of the flow stress in

the equation (1), n =31n(c)/91n(e) is a strain hardening
coeflicient.
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Figure 10. Microstructure of the unstrained (a) and strained (b) area of the samples of the Al—4% Mg—0.22% Sc—0.10% Zr alloys after
the SP tests (T = 500 °C, & = 3.3 - 1073 s~!). Metallography. Interference contrast.

Figure 11. Microstructure of the strained area of the sample of
the Al—4% Mg—0.22% Sc—0.10% Zr alloy after the SP tests when
T = 500 °C and the strain rate ¢ = 3.3 - 10" s™'. Metallography.
Interference contrast.

The plastic flow of the material will remain to be uniform
up to reaching the strain degree &;:

&1 <n/(1—m). (4)

Consequently, using experimental data about values of
the coefficients n and m, on can determine strain &, at
which localization of the plastic flow starts and the curve
o, (&;) originates the loss-of-strength stage. As said above, in
order to determine values of m, n and ¢;, the dependences
»engineering stress (o) — engineering strain (&) are
recalculated into the dependences ,true stress (0;) — true
strain (&) according to the study [33] (Fig. 12).

Strain hardening stage

A value of the strain hardening coefficient
n=291In(o;)/d1n(g,) characterizes susceptibility of the

material to uniform strain (see the study [31]). This value
can be determined by a slope angle of the curves o;(¢;) in
the logarithmic coordinates In(o;)— In(&;).

Fig. 13 shows the dependences o;(¢;) in the coordinates
In(o;)— In(e;) for the UFG alloys with 0.22 % Sc + 0.10 % Zr
(Fig. 13,a,c) and with 0.10% Sc—0.22% Zr (Fig. 13,5,d).
For the alloys with the low magnesium content, the
dependences In(o;)—In(e;) have a pronounced two-stage
nature — the stage of intense strain hardening, which
is characterized by the high coefficient n = n;, which is
replaced by the stage with the low coefficient n;. The
strain hardening coefficient n, weakly depends on the strain
temperature and the magnesium concentration. The value
of the coefficient n; in the alloys with 2.5% and 4% Mg
increases with an increase of the temperature of strain. The
increase of the Sc concentration in the alloys with 2.5%
or 4% Mg (the increase of the Sc/Zr ratio) results in an
increase of the coefficient n,.

In the alloys with 6 % Mg, the two-stage nature of strain
hardening is observed only for the low strain temperatures
(300°C—350°C); at the temperatures 400 °C—500°C the
curve o;(&) in the logarithmic coordinates In(o;)— In(e;)
with good accuracy (R? > 0.9) can be interpolated by a
straight line (Fig. 13,¢d). At the elevated temperatures,
duration of the stage of intense strain hardening becomes
very small and n ~ nj.

According to the model [43], the value of the coefficient
n in the UFG materials depends on a nature and value
of fields of long-rang stresses that occur in the material
during superplastic strain. In the UFG materials, the
value of the long-range fields of internal stress (o;) is
mainly contributed by defects that hit the grain boundaries
during plastic strain [43,44]. The long-range fields of
the internal stresses o; from the non-equilibrium grain
boundaries prevent motion of lattice dislocations. Ac-
cording to the study [44], the magnitude o; depends on
a density p, of orientation mismatch dislocations (OMD)
distributed within the boundaries and a density of a

Technical Physics, 2025, Vol. 70, No. 12
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Burgers vector w, of sliding components of the delocalized
dislocations: o; = @1GppAb + @,Gw,, where @1, @, are
numerical coefficients. (Hereinafter, the density of the
Burgers vector of a dislocation shall be understood as a
tensor ag;, which makes it possible to represent the Burgers
vector b as an integral over a surface S that rests on a
contour L: b; = [ axdSy.)

In case when p,Ab > w,, a dependence of the strain
hardening rate on the strain rate is expressed as follows

& =&&y — 64 [Dy6G/AIKT) exp(p16 /aywo),  (5)

where 6 =0/Gp, A; =50 is a numerical coefficient,
&, is an intragranular strain rate, £ is a coefficient that
characterizes homogeneity of a dislocation flux, wo = 0.5,
ap ~0.02 at 0.57,, (T,, is a melting temperature in K),
Dy, is a grain-boundary diffusion coefficient, § is a grain
boundary width [43].

When w, < ppAb, the equation for calculating the strain
hardening rate can be written as

& =é&éy — 62[(b/d)*DySGC1 /kT) exp(@26 /apwo),  (6)

where C; = 10 is a numerical coefficient [43].

The first summand in the equations (5) and (6) de-
scribes kinetics of defect accumulation in a grain boundary
(I = &é¢,/b), while the second thereof describes kinetics of
their removal from the grain boundaries due to progress of
processes of return or growth of the grains (I~ = p,Ab/t
or I~ = w;/t), where t; and 7, is a time of delocalization
of the OMDs and the sliding components of the delo-
calized dislocations, respectively). It is clear from the
equations (5), (6) that the nature of strain hardening will
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!, The temperatures in legends in the

be different in cases when p,Ab > w, and w, K ppAb.
It follows from comparing the formulas (5) and (6) that
in a case when the OMDs prevail in the grain boundaries
(ppAb > wy,), the value of the strain hardening coefficient
turns out to be less than in a case when w; < p,Ab
(when d = const).

In this regard, the two-stage nature of strain hardening
during superplasticity of the UFG alloys is primarily related
to a various type of defects accumulated at the grain
boundaries (see [45,46]).

A large slope angle of the curves o;(¢;) in the logarithmic
coordinates In(o;)—In(e;) at the first stage of strain hard-
ening (the large value of the strain hardening coefficient
ny > ny) is induced, in our opinion, by accumulation of the
sliding components of the Burgers vector of the delocalized
dislocations at the grain boundaries of the UFG alloys.
The increased density of the gliding components of the
Burgers vector of the delocalized dislocations (w, >> p,Ab)
is related to intense delocalization of the OMDs that hit
the grain boundaries of the UFG alloys at the ECAP stage.
Truth of this assumption is confirmed by an increase of
the slope angle of the curves In(o;)—In(e;) in the UFG
alloys with 2.5 % Mg when the strain temperature increases
(Fig. 13,a,b). As said above, the increase of the Mg concen-
tration results in reduction of the grain-boundary diffusion
coefficient and the increase of energy of grain-boundary
diffusion activation (see [22,23]). The increased magnesium
concentration in the UFG Al—6% Mg—Sc—Zr alloys results
in reduction of intensity of the OMD delocalization process
and, consequently, a decrease of the density of the Burgers
vector of the delocalized dislocations. As a result, in
the UFG alloys with 6% Mg a case when p,Ab > w, is
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Figure 13. Analysis of the strain hardening stage for the alloys with 2.5% Mg (a,b) and 4% Mg (c,d) and with the various content of
Sc and Zr: a,c — Sc/Zr=22; bd — Sc/Zr=045. ¢ = 3.3-107>s™'. The temperatures in legends in the graphs are given in °C.

realized, which is characterized by small values of the strain
hardening coefficient (n ~ ny).

It is important to note that at the elevated tem-
peratures (450°C—500°C) the curves o;(e;) exhibit a
surge-like change of stresses, which indicates a progress
of dynamic recrystallization during superplasticity of the
UFG alloys (see [4,5]). The grain growth during dy-
namic recrystallization can additionally result in reduc-
tion of the density of defects at the grain boundaries
and, consequently, reduction of the fields of internal
stresses. It will also contribute to reduction of the strain

hardening coefficient during superplasticity of the UFG
alloys.

Stage of stationary flow

The key characteristic that describes the stage of stationary
superplastic flow of the fine-grained alloys is the rate sensi-
tivity coefficient of the flow stress m =In(ay)/In(¢) [31].
Under the optimal temperature-rate conditions of super-
plastic strain, the coefficient m — 0.5 [31]. In these
conditions, the superplastic strain rate (¢ = ¢, +¢&,) is

Technical Physics, 2025, Vol. 70, No. 12
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Figure 14. Analysis of rate sensitivity of the flow stress during superplastic strain of the fine-grained alloys: @ — the dependence of
the flow stress on the strain rate in the coordinates In(oy)—In(¢) for the Al—2.5% Mg—0.22% Sc—0.10% Zr alloy; b are values of the
coefficient m for the alloys with the various Mg concentration and Sc/Zr ratio.

Table 2. Experimental (¢*) and theoretical values (1) of the magnitude of limit uniform strain during superplasticity of the UFG alloys

c . Al-2.5%Mg Al-4%Mg Al—6% Mg [30]
T, ° &, 8" £
Sc/Zr=2.2 | Sc/Zr=1.0 | Sc/Zr=0.45 | Sc/Zr=2.2 | Sc/Zr=1.0 | Sc/Zr=0.45 | Sc/Zr=2.2 | Sc/Zr=1.0 |Sc/Zr=0.45
33.10-3 £*10.6640.05|0.59+0.04 | 0.69+0.05 | 0.9940.05 [ 0.82+0.06 | 0.91+£0.06 | 0.90+0.08 | 1.040.1 1.1+0.1
= £l 0.76 0.56 043 0.58 0.72 0.49 0.78 0.66 0.70
400 |3.3.10-2 £*10.6240.0410.63+0.08 | 0.740.1 |0.8440.05|0.74+0.07 | 0.734+0.06 | 1.040.1 1.04+0.1 | 0.944+0.08
’ £ 0.55 0.62 0.61 0.71 0.66 0.51 0.74 0.69 0.55
33.10-! £*10.5540.04 |0.62+0.08 | 0.54+0.08 B _ 0.5840.05 | 0.88+0.06 | 0.83+0.06 | 0.754+0.06
’ £ 0.52 0.48 0.36 0.22 0.69 0.76 0.55
33.10-3 £*10.7240.05|0.69+0.04 | 0.504-0.03 B _ B 1.040.1 1.040.1 1.040.1
’ £ 0.83 0.57 0.18 0.70 0.86 0.62
450 133102 £*10.724+0.06 | 0.744+0.08 | 0.740.1 1.040.1 1.04+0.1 | 1.00+0.09
o £ 0.74 0.67 0.28 - - - 0.82 0.75 0.73
33.10"! £%10.5640.06 [0.61+0.04 | 0.52+0.08 0.7740.06 [ 0.80+0.06 | 0.78+0.06
o £ 0.52 0.52 0.36 - - - 0.73 0.86 0.52
33.10° e*| 0.940.1 [0.74+0.07|0.57+0.04 |0.77+0.08 | 1.240.1 1.1+£0.1 |0.9940.08| 1.040.1 1.1+0.1
o £ 0.80 0.57 0.20 0.69 0.78 0.58 097 0.64 0.79
500 13.3.10-2 £%10.744+0.08 |0.79+0.09 | 0.56+0.09 | 1.0+0.1 |0.8640.05|0.73+£0.07 | 1.0+0.1 1.0+0.1 | 1.05+0.09
’ £l 0.76 0.78 0.20 0.96 0.72 0.39 0.78 0.71 0.68
33.10"! £*10.7040.08 | 0.684-0.06 | 0.53+0.05 B _ 0.714£0.03 | 1.1£0.1 |0.80+0.06 | 0.884+0.08
’ £l 0.76 0.66 0.20 0.36 0.81 0.88 0.58

mainly contributed by the grain boundary sliding process
(&), while a contribution by intragranular strain (¢,) is very
small.

A value of the coefficient m can be determined by
the slope angle of the dependence of the flow stress on
the strain rate in the logarithmic coordinates In(oy)—In(&)
(Fig. 14,a). For all the dependences In(cy) —In(¢), a
coefficient of confidence of linear correlation R? > 0.95.
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It indicates that the superplastic strain mechanism does
not vary within the studied range of the strain rates
(from 3.3-107% t0 3.3- 10~ 's71).

Fig. 14,b shows results of calculations of the value of
the coefficient m for the alloys with the various content
of Mg, Sc and Zr at the temperatures of 400°C, 450°C
and 500 °ClIt is clear in Fig. 14, b that for the alloys with the
increased Sc content there is an observed increase of the co-
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efficient m when the temperature of strain increases. At the
temperature of 500 °C, in the UFG alloys with Sc/Zr=2.2,
the coefficient m ~ 0.45—0.48. This value is very close to
the optimal m ~ 0.5, thereby indicating a prevailing contri-
bution by grain boundary sliding to the stable superplastic
flow of the fined-grained material. The Mg concentration
does not significantly affect the coefficient m in the alloys
with Sc/Zr=22 (Fig. 14,b). In the alloys with the
increased zirconium content and the low magnesium content
(2.5%, 4% Mg), the increase of the test temperature results
in reduction of the coefficient m. In particular, with an
increase of the test temperature from 400 °C to 500 °C for
the Al—2.5% Mg—0.10% Sc—0.22% Zr alloy the coefficient
m decreases from 0.31 to 0.26, and from 0.31 to 0.20 in
the UFG Al-4% Mg—0.10% Sc—0.22% Zr alloy. The alloys
with 6% Mg and the increased zirconium content do not
exhibit a pronounced dependence of the coefficient m on
the test temperature. The low values of the coefficient m in
the alloys with the increased zirconium content indicate that
the contributions by grain boundary sliding and intragranular
sliding are comparable.

Loss-of-strength stage

As shown above, according to the Hart criterion [42],
when reaching the critical strain degree ¢;, the loss-of-
strength stage starts. Let us calculate a value of the critical
strain degree ¢; and compare it with the experimental
value €*, which is determined based on analysis of the
curves ,true stress — true strain“. A large error of determi-
nation of the value £* at the temperatures 450 °C—500°C
(Ae* =0.10—0.12) is related to presence of the long
uniform-flow state as well as to the surge-like change of
the stress due to evolution of the dynamic recrystallization
processes. Results of calculations of the value of &; and
comparison with the experimental data (e*) are shown in
Table 2. When calculating the value of £; according to the
formula (4), a value of the strain hardening coefficient was
assumed to be n = ny, while a value of the coefficient m
was assumed to be the same for all the strain rates (from
3.3-1073 t0 3.3-10"!s~! when T = const).

The best agreement of the calculation results with the ex-
perimental data is achieved for the alloys with the increased
Sc content. For the alloys with the increased zirconium
content, there is an observed significant difference between
the values of ¢* and ¢;. In our opinion, a key reason of the
observed differences can be discontinuous decomposition of
a solid solution in the alloys with Sc/Zr=0.45 as well as
fast cavitational failure of these alloys due to precipitation of
the coarse fusiform Al;Zr particles.

According to the model [47], pore formation is caused
by accumulation of defects on the second-phase particles.
Under the SP conditions, the pores are formed on the
second-phase particles arranged in triple junctions of the
grains. In the first approximation, a defect that is formed
on the particle of the radius R, which is arranged in the
grain boundary, can be described as a disclinational loop

of the radius R and power w(z). The disclinational loop
power w(t) increases in proportion to a number of defects
that hit the boundary at the speed &,: w(t) = @1&,t [47,48],
where @3 is a numerical coefficient. As the defects are
accumulated on the grain boundaries, the disclinational loop
power w(t) increases and elastic energy related to this defect
increases as well. When reaching the critical power w*,
an excessive loop power is so high that it is energetically
favorable for the grain boundary to ,,dump™ a source of this
energy. At the increased temperatures, the stored energy
will be relaxed by formation of micropores, whose growth
rate is proportional to a degree and rate of intragranular
strain. We note that the coarse Al;X particles often cause
cavitational failure during superplasticity of the fine-grained
aluminum alloys [30,49,50].

3.2. Effect of the Sc and Zr ratio

Anticipating the analysis, it is important to note that an
atomic mass of zirconium (91.224amu) is almost in two
times higher that an atomic mass of scandium (44.96 amu).
Therefore, partial replacement of Sc with a mass-equivalent
content of Zr will result in reduction of the volume portion
of the precipitating Als(Sc,Zr) particles. The increased
volume portion of the Al3(Sc,Zr) particles in the UFG alloys
with Sc/Zr=1 and 2.2 is one of the important factors for
providing high superplastic characteristics of these alloys.
Under the other similar conditions, the large volume portion
of the Al3(Sc,Zr) particles makes it possible to provide a
smaller grain size and, consequently, the larger elongation
to failure and the lower flow stress in the UFG alloys.

As shown above, when the alloys with the increased scan-
dium content (Sc/Zr=2.2) are heated, the spherical Al;Sc
nanoparticles precipitate. When the alloys with the increase
zirconium content (Sc/Zr=0.45) are heated, within the
grain volume the nanoparticles Al3Sc and Als(Sco 5Zrg s)
precipitate and near the grain boundaries the fusiform
submicron AlzZr particles precipitate by the discontinuous
decomposition mechanism. It affects, first of all, the grain
growth and the nature of failure of the fine-grained alloys.
We note that, in turn, the grain growth affects stability of
the SP flow and maximum elongation to failure of the fine-
grained alloys.

As it is known, specifics of the Al;Sc particles are fast
formation and a fast growth at the elevated temperatures of
heating. As a result, the AlsSc particles provide effective
stabilization of the non-equilibrium UFG microstructure at
the low heating temperatures, but are not effective stoppers
for migrating grain boundaries at the high temperatures of
heating or strain.

The Al3(ScosZrgs) particles have a structure ,a
AlsSc core— a AlsZr shell [51,52], which provides a good
combination of fast precipitation at the low temperature
and a low growth rate at the increased temperatures of
heating or strain. As a result, the Al-Mg—Sc—Zr alloys
with Sc/Zr > 1 demonstrate higher mechanical properties
and SP characteristics at the elevated temperatures.
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The fusiform Al;Zr particles formed by the discontinuous
decomposition mechanism adversely affect maximum plas-
ticity of the fine-grained aluminum alloys — these particles
cause formation of large pores and premature cavitational
failure of the aluminum alloys [30,53]. Formation of
the AlsZr particles by the discontinuous decomposition
mechanism is, in our opinion, one of the key reasons of
plasticity reduction at the elevated temperatures of strain of
the alloys with the low magnesium content and the low ratio
Sc/Zr =0.45 (Table 1, Fig. 7,a). The coarse Al3Zr particles
do not allow effectively stabilizing the non-equilibrium UFG
microstructure of the alloys, thereby resulting in formation
of the coarse recrystallized grains in the alloys with the low
magnesium content (Fig. 4). The grain growth also results in
reduction of plasticity of the AlI-Mg—0.10% Sc—0.22% Zr
alloys with 2.5% and 4 % Mg (Table 1). The slight increase
of plasticity of the Al—6% Mg—0.10% Sc—0.22% Zr alloys
is related to the effect of magnesium on the grain-boundary
diffusion coefficient (Dj) aluminum — reduction of D,
makes it possible to decrease the grain growth rate ans
partially compensate a weak influence of the coarse AlsZr
particles on migration mobility of the grain boundaries of
the UFG aluminum.

Let us analyze the effect of the Sc/Zr ratio on the
superplastic characteristics of the fine-grained aluminum
alloys. As it is clear from Fig. 7,f, at 500 °C maximum
plasticity is observed in the alloys with Sc/Zr = 1. The alloys
with Sc/Zr=22 and Sc/Zr=0.45 have lower plasticity
under the similar temperature-rate conditions of strain. In
our opinion, it is related to the fact that the alloys with
Sc/Zr =1 have the minimum number of the Al3Zr particles
that contribute to intense cavitational failure and a large
number of stable Al3(ScosZrgs) nanoparticles with the
structure ,.the Al;Sc core— the AlzZr shell“. When heating
the alloys with Sc/Zr=2.2, the Al3Sc particles quickly
grow and, therefore, the grains quickly grow, thereby
preventing from providing the high SP properties of the Sc-
enriched alloys. When the Zr-enriched alloys are heated,
the coarse Al3Zr particles are formed, which facilitate
cavitational failure of the fine-grained alloys and limit their
plasticity at the elevated temperatures (450 °C—500°C). We
also note that the Zr-enriched alloys exhibit an anomalous
grain growth that contributes to reduction of plasticity of
the alloys with Sc/Zr=0.45. The low volume portion of
the coarse Al3Zr particles at the decreased temperatures
(400°C and less) as well as the large volume portion and
the low growth rate of the Al;Sc particles make it possible
to provide increased plasticity of the UFG alloys with the
ratio Sc/Zr=2.2 (Fig. 7,¢).

We note that in case of suppression of discontinuous de-
composition of the solid solution the Zr-enriched alloys can
have a further increase of their superplastic characteristics.
One of the effective methods of reduction of intensity of
discontinuous decomposition of the solid solution can be
two-stage heat treatment of the Zr-enriched alloys (see, for
example, [34,35]). It will make it possible to provide further
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reduction of expensive scandium in the composition of the
Al—Mg—Sc—Zr aluminum alloys.

3.3. Effect of magnesium

It should be preliminarily noted that the Sp tests were per-
formed within the temperature interval 300 °C—500 °C.As it
is clear from Table 1, the best results (the maximum values
of elongation to failure) are obtained at the temperatures
450°C—-500°C that exceed a temperature of dissolving
of the B-phase particles in the Al—Mg alloys (see, for
example, [54]). Therefore, we did not take into account the
effect of the B-phase particles on the superplastic behavior
of the UFG Al-Mg—Sc—Zr alloys in optimal strain modes.
When analyzing the results, the main focus was on the
effect of the Mg concentration in the solid solution on the
superplastic behavior of the UFG Al-Mg—Sc—Zr alloys.

The effect of the p-phase particles can be expected
in case of strain at the decreased temperatures (300°C,
350°C). According to the study [55], the S-phase particles
can contribute to recrystallization during plastic strain and
increase the degree of homogeneity of the grain structure in
the Al—Mg alloys. Besides, the submicron S-phase particles
can provide an increase of the flow stress and contribute to
more intense strain hardening of the UFG Al—Mg alloys
(as compared to the hardened Al-—Mg alloys, in which
magnesium is mainly in the solid solution).

The results of the SP tests are analyzed to show that
the increase of the Mg concentration up to 6% results
in simultaneous reduction of relative elongation to failure
and the flow stress of the fine-grained alloys (Fig. 7,¢f).
It is a quite unexpected result, since according to the
structural superplasticity theory [31,32] it is usually assumed
that the fine-grained materials with high plasticity shall be
characterized by minimum values of the flow stress. Since
the maximum plasticity (6max) is observed in the alloys
with 2.5% Mg (Fig. 7,¢/f), then it would be expected that
the minimum flow stresses (o) will also be observed in the
alloys with 2.5 % Mg.

In our opinion, the observed effect is mainly caused by
an intense progress of dynamic recrystallization in the fine-
grained alloys with the decreased magnesium content. As it
is clear from Fig. 7, a—d, the strain curves o (¢) of the alloys
with 2.5 % Mg exhibit high stress surges; with the increase
of the Mg concentration a scope of the surge-like change of
stresses becomes much smaller. As it is known, the dynamic
recrystallization process is accompanied by formation of a
variously-grained microstructure [30,56-58].

It is known that magnesium results in reduction of
the grain-boundary diffusion coefficient (D,) in alu-
minum [22,23] and, consequently, reduction of a ratio of
migration of the grain boundaries under the SP conditions:

Vi = 4,Co(0/G)(b/d)b, (7)

where A, = 27/ In(d/b), C, = D,(G§/kT) [44].
Formation of a more fine-grained microstructure in the
alloys with 6% Mg results in reduction of the flow stress
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according to the study [43] (see also the equation (6)).
Besides, as noted above (see Section 3.2), reduction of D,
and the increase of stability of the UFG microstructure can
partially compensate the adverse effect of the coarse Al3Zr
particles that are formed by the discontinuous precipitation
mechanism.

Conclusions

1. The tensile curves o (&) of the alloys with 2.5 % Mg are
characterized by the surge-like change of the stress, thereby
indicating the progress of the dynamic recrystallization
processes. The increase of the Mg concentration results
in reduction of the scope of the stress surges. At the
high strain degrees (e > 700%—800 %), the curves o (¢)
exhibit the stress increasing stage that indicates an intense
progress of the strain-induced grain growth. This conclusion
is confirmed by the results of the studies of the alloy
microstructure after the SP tests.

2. The process of strain hardening of the fine-grained
Al—(2.5,4)% Mg—Sc—Zr alloys is of the two-stage nature
due to replacement of the mechanism of defect accumula-
tion at the grain boundaries. At the low strain degrees, the
curves o (&) are characterized by the high strain hardening
coefficient, whose value is determined by the rate of
accumulation of the sliding components of the delocalized
dislocations at the grain boundaries. At the elevated
temperatures and strains, the strain hardening coefficient
of the fine-grained alloys is sharply reduced and orientation
mismatch undelocalized dislocations start prevailing at the
grain boundaries.

3. The stage of stationary flow of the fine-grained alloys
is characterized by high values of the rate sensitivity
coefficient — at the temperature of 500°C in the alloys
with Sc/Zr=2.2 the coefficient m ~ 0.45—-0.48. 1In the
alloys with the increase zirconium content and the low
magnesium content (2.5%, 4% Mg), the increase of the
test temperature results in reduction of the coefficient m
to ~0.20-0.31. The high values of the coefficient m
indirectly indicate that the grain boundary sliding rate
predominantly contributes to the total superplastic strain
rate.

4. The increase of the magnesium concentration
results in reduction of the superplastic characteristics
of the fine-grained alloys (when Sc/Zr=const). With
the strain temperature of 500°C and the strain rate of
3.3-1072s7!, elongation to failure reaches Spmax = 1970 %
in the Al-2.5%Mg—0.22%Sc—0.10%Zr alloy and
Smax = 1750 % in the Al—2.5% Mg—0.16% Sc—0.16% Zr al-
loy. Under the similar temperature-rate conditions
of strain, elongation to failure is 400% in the
Al—6% Mg—0.22% Sc—0.10% Zr alloy and max = 1215%
in the Al—6% Mg—0.16% Sc—0.16% Zr alloy. For the alloys
with Sc/Zr>1, good compliance of the Hart criterion is
observed for estimating the maximum degree of uniform
strain. It is shown that the Mg effect first of all consists of

the increase of stability of the non-equilibrium fine-grained
microstructure of the aluminum alloys and of reduction of
the grain growth rate during superplasticity.
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